Introduction
Seismic tomography applied to the solid Earth is a nonlinear process [Pavlis and Booker, 1983] . In general, solutions are obtained by linearization with respect to a reference Earth model [e.g., Aki and Lee, 1976; Nolet, 1978] . The tomographic images resulting from such linearized inversion are dependent on the initial reference models and hypocentral locations [Michael, 1988; VanderHilst and Spakman, 1989; VanderHilst et al., 1991] . This dependence, in conjunction with ambiguities intrinsic to the inversion of seismic data, is an issue that has to be addressed in any application of seismic tomography [Lees and Shalev, 1992] .
Most velocity models of the Earth's interior are derived by first establishing a simple smooth model that explains some weighted average of the observations. Subsequently, this initial model is modified until a sufficient degree of coincidence between the bulk of the observations and predicted values is obtained. This procedure is followed in seismic tomographic studies, with a one-dimensional (l- To overcome these problems, Kissling et al. [1984] and Kissling [1988] proposed a two-step procedure to obtain 3-D tomographic results with minimal dependence on the reference model: First, the travel time data are jointly inverted to obtain a 1-D tomographic solution, together with revised hypocenter coordinates and station corrections. We call this new model the "minimum 1-D model" [Kissling, 1988] . Second, the 3-D tomographic inversion is determined using the minimum 1-D model as the starting model. In this study we present theoretical arguments for such an approach and demonstrate its importance for 3-D tomographic results for a simple synthetic test case mimicking San Andreas Fault structure in central California.
Coupled Hypocenter Velocity Model Problem
The arrival time of a seismic wave generated by an earthquake is a nonlinear function of the station coordinates (s), the hypocentral parameters (h, including origin time and geographic coordinates), and the velocity field (m).
tob s = f( s,h,m ).
(1)
In general, neither the true hypocentral parameters nor the velocity field are known. With arrival times and station location being the only measurable quantities, we cannot solve (1) directly. To proceed, we have to make an educated guess of the unknown parameters. Using an a priori velocity model, we trace rays from a trial source location to the receivers and calculate theoretical arrival times (tcalc). The differences between the observed and the calculated arrival time, the residual travel time (tres), can be expanded as functions of the differences {A) between the estimated and the true hypocentral and velocity parameters. Neglecting the effect of (Mm) in equation (3) while locating the earthquakes, for example, has the potential to introduce systematic errors into the estimated hypocenter locations [Thurber, 1992; Eberhart-Phillips and Michael, 1993] . Similarly, neglecting of (Hh) in equation (3) may result in biased velocity parameters [Michael, 1988; VanderHilst and $pakman, 1989 ]. As we demonstrate below, inclusion of both hypocenter and model parameters in the estimation procedure does not necessarily guarantee successful recovery of either true distribution.
Unless we have "guessed" the correct hypocentral coordinates, tomographic imaging with local earthquake data demands the updating of both hypocenter and velocity parameters. We concur with Thurber [1992] that this is most reliably achieved by solving the coupled hypocenter-velocity model problem, rather than alternating independent hypocenter and velocity adjustment steps. To reduce the computational burden of solving the very large system of equations (3), Pavlis and Booker [1980] and Spencer and Gubbins [1980] independently introduced an algorithm, to separate A into the two smaller matrices, one containing the hypocenter location information, and one containing the model parameter information. The reduced form of A pertaining to the velocity model may then be solved separately to obtain the same solution as if the entire matrix were being inverted. Kissling [1988] established, several parameters that control the inversion need to be varied and the corresponding results need to be evaluated. In the appendix, guidelines for the calculation of minimum 1-D models are provided. Note that such procedures do not guarantee convergence to a best fit solution. Rather, specific characteristics of the data set and of the velocity structure need to be implemented in the calculation process. The results also depend on the effectiveness of the data selection process [Kissling, 1988] . With this synthetic data set, routine tomographic procedures for the inversion of local earthquake data [Kissling, 1988 ; Eberhart-Phillips, 1990] were performed using two similar algorithms based on work by Ellsworth [1977] and Thurber [1981] , respectively. Both tomographic procedures achieve nonlinear inversion by iterating over linear inversion steps with updating of hypocenters, velocities, and ray paths. The major differences between the two methods are the approaches used for forward ray tracing (an approximate local 2D ray tracer [Thurber and Ellsworth, 1980; Kissling, 1988 Sambridge [1990] to select the most probable results. Cross validation is also highly recommended, particularly as a means to select the proper damping to regularize the solution [Segall and Du, 1993] . One worrisome problem with both our derived models is the appearance of long-wavelength artifacts in the lower half of each model that are just of the type that might be mistaken for structure (Figures 4 and 5) . Each model contains a highvelocity body immediately to the Southwest of the fault zone (below the zone in Figure 4 and to its left in Figure 5 ) that approximately corresponds to the distribution of the deepest hypocenters (those that correspond to the main dipping aftershock zone of the Loma Prieta earthquake [Dietz and Ellsworth, 1990] ). Note that the hypocenters (dots in Figure  5 ) are slightly out of place due to the velocity pull-up effect of the high velocity artifact. Because this feature correlates well between our two estimates, there would be a strong temptation to interpret it as a true part of the 3-D velocity field.
Performance
It is also somewhat troubling that a similar high velocity body appears in the tomographic models of the Loma Prieta region [Eberhart-Phillips et al., 1990; Lees, 1990] . One common link between these studies is their use of the routinely determined U SGS hypocenters as the initial locations. These hypocenters were computed using the minimum 1-D model of Dietz and Ellsworth [1990] , which make them our ideal [Reasenberg and Ellsworth, 1982; Kissling and Lahr, 1991; Maurer, 1993] . These guidelines do not guarantee convergence to an optimal solution. Rather, specific characteristics of the data set, and of the velocity structure may demand modifications of the procedure. The results also depend on the effectiveness of the data selection process [Kissling, 1988] .
Most of our modelling has been done with the program VELEST [Ellsworth, 1977; Roecker, 1981; Kradolfer, 1989] . The programs of Crosson [1976] and Pavlis and Booker [1980] have also enjoyed considerable success for this purpose [Steppe and Crosson, 1978] . Scott [1992] has recently conducted a thorough investigation of the problem.
Step 1 Reselect the best (consider gap, number of observations, distance to next station) 500 or so events that should be well distributed over the volume under investigation. If more than one such subset of about 500 events can be extracted, proceed for each subset separately with step 4 but try to obtain similar results.
Step 4 
